Glycerol and diol dehydratases are inducible, coenzyme B12-dependent enzymes found together in Klebsiella pneumoniae ATCC 25955 during anaerobic growth on glycerol. Mutants of this strain isolated by a novel procedure were separately constitutive for either dehydratase, showing the structural genes for the two enzymes to be under independent control in vivo. Glycerol dehydratase and a trimethylene glycol dehydrogenase were implicated as members of a pleiotropic control system that includes glycerol dehydrogenase and dihydroxyacetone kinase for the anaerobic dissimilation of glycerol (the "dha system"). The dehydratase and dehydrogenases were induced by dihydroxyacetone and were jointly constitutive in mutants isolated as constitutive for either the dha system or glycerol dehydratase. These data and the stimulation of growth by Co2+ suggested that glycerol dehydratase and trimethylene glycol dehydrogenase are obligatory enzymes for anaerobic growth on glycerol as the sole carbon source.
Glycerol and diol dehydratases are inducible, coenzyme B12-dependent enzymes found together in Klebsiella pneumoniae ATCC 25955 during anaerobic growth on glycerol. Mutants of this strain isolated by a novel procedure were separately constitutive for either dehydratase, showing the structural genes for the two enzymes to be under independent control in vivo. Glycerol dehydratase and a trimethylene glycol dehydrogenase were implicated as members of a pleiotropic control system that includes glycerol dehydrogenase and dihydroxyacetone kinase for the anaerobic dissimilation of glycerol (the "dha system"). The dehydratase and dehydrogenases were induced by dihydroxyacetone and were jointly constitutive in mutants isolated as constitutive for either the dha system or glycerol dehydratase. These data and the stimulation of growth by Co2+ suggested that glycerol dehydratase and trimethylene glycol dehydrogenase are obligatory enzymes for anaerobic growth on glycerol as the sole carbon source.
In the Klebsiellae the physiology, enzymology, and control of glycerol fermentation have been studied in different strains fromn different points of view. Therefore, comparison of the results from these studies is essential to obtain a complete picture.
Two pathways which are not present in Escherichia coli are known to exist in Klebsiella sp. during the fermentation of glycerol. In the first, described for Klebsiella aerogenes 1033 (12) , glycerol is attacked by an NAD-linked glycerol dehydrogenase (Fig. 1) . The reaction product, dihydroxyacetone, is converted to its phosphate by dihydroxyacetone kinase (12) . Both glycerol dehydrogenase and dihydroxyacetone kinase were found to be constitutive in a mutant of K. aerogenes 1033 isolated for the anaerobic constitutive utilization of glycerol, indicating that they are under linked genetic control (13) . It is not known whether these enzymes are members of an operon or of a regulon, but since dihydroxyacetone may be their inducer (12) , "dha system" will be used in this paper to describe their genetic relationship.
In the second pathway ( Fig. 1) , described for Klebsiella pneumoniae ATCC 8724 (1), glycerol is attacked by coenzyme B12-dependent diol dehydratase (3, 20) . The reaction product, 3-hydroxypropionaldehyde, is reduced by an NADH-linked reductase (1) to trimethylene glycol (propan-1,3-diol), which is excreted into the medium. Alternatively, 3-hydroxypropionalde- hyde may spontaneously form acrolein by intramolecular dehydration (15) . Both trimethylene glycol and acrolein have been noted as significant end products of glycerol fermentation in other genera, e.g., Bacillus (21, 22) , Clostridium (4), Citrobacter (9, 19) , and Lactobacillus (15) . Only in Klebsiella sp. (2, 3, 6, 10, 16, 20) and Lactobacillus 208-A (14) have the enzymes responsible for the formation of the hydrogen acceptor, 3-hydroxypropionaldehyde, been well characterized, although coenzyme B12-dependent dehydratases have been reported from Citrobacter sp. (3, 19) and from Propionibacterium freudenreichii (19) .
Two forms of coenzyme B12-dependent dehydratase have been described in the Klebsiellae. They are diol dehydratase (DL-propan-1,2-diol hydrolyase; EC 4.2.1.28) and glycerol dehydratase (glycerol hydrolyase, EC 4.2.1.30). Both catalyze the dehydration of ethan-1,2-diol to acetaldehyde, propan-1,2-diol to propionaldehyde, or glycerol to 3-hydroxypropionaldehyde (2, 10, 20) . They may occur singly or together in various Enterobacteriaceae (3, 18, 19) .
K. pneumoniae ATCC 25955 can produce both enzymes. Propan-1,2-diol or ethan-1,2-diol induces only the diol enzyme, but both enzymes are present during growth in defined glycerol medium (3). Therefore, both dehydratases can apparently function simultaneously in vivo to provide the hydrogen acceptor. In contrast, K. pneumoniae ATCC 8724 produces only diol dehydratase during growth in glycerol medium (3, 18), indicating that this enzyme is here the only means of forming the hydrogen acceptor. In contrast to E. coli, Klebsiella sp. can ferment glycerol in the absence of exogenous hydrogen acceptors (12) . It seemed likely that this physiological difference was attributable both to the presence of the dha system and to the trimethylene glycol-forming pathway in Klebsiella sp. (1, 9) ; acting in concert, they allow formation of dihydroxyacetone phosphate and regeneration of NAD from the NADH produced (Fig. 1) .
The present work seeks to draw together these observations by using K F.M coenzyme B12.
One unit of dehydratase activity is defined as the amount of enzyme that catalyzes the formation of 1 pmol of propionaldehyde per minute.
Glycerol dehydrogenase activity was estimated by a method similar to that of Ruch et al. (12) . The assay mixture (3.0 ml) contained 0.1 M potassium carbonate buffer (pH 9.0) at 37°C, 30 mM ammonium sulfate, 2.0 mM NAD, extract, and 0.1 M propan-1,2-diol. The reaction was started by adding NAD, and the increase in absorbance at 340 nm was followed at 37C in a controlled-temperature Unicam SP 800 recording spectrophotometer. Propan-1,2-diol was used since it is a good substrate for the dehydrogenase (8) and was already present in the extracts to help stabilize dehydratase (3).
Trimethylene glycol dehydrogenase was estimated as above, except that 0.1 M trimethylene glycol was the substrate.
II both cases one unit is defined as the amount of enzyme that catalyzes the formation of 1 M.mol of NADH per min.
For all the enzymes, specific activities are given as units per milligam of extracted protein, estimated spectrophotometrically (5) .
washed twice with 5 ml of 0.85% NaCl, and then suspended in 5 ml of basal medium. Samples (0.5 ml) were added to 5 ml of nutrient broth and incubated aerobically at 37°C overnight.
Detection propan-1,2-diol (10 mlJiter) and Davis New Zealand agar (10 gfliter). After 20 min at 37°C, the surface was covered with 5 ml of 2,4-dinitrophenylhydrazine reagent (0.1% in 2 N HCI) and after 2 to 3 min was replaced by 5 ml of 5 N KOH. Colonies of mutants, presumptively constitutive for dehydratase, appear transiently as dark brown spots. Their position was marked on the underside of the dish; then all of the colonies were stained through the agar with Coomassie brilliant blue G250 in 0.35% perchloric acid (11) for comparison with the master plate.
Fifteen such constitutive strains from three separate mutageneses were isolated using this procedure.
Electrophoresis. Electrophoresis of extracts and assay of dehydratase activity in gel sections after electrophoresis were as described previously (3).
Dehydrogenase activity in gels was visualized by immersing each gel in 5 ml of 125 mM Tris-hydrochloride buffer (pH 9.0) freshly prepared to contain 37 mM ammonium sulfate, phenazine methosulfate (25 ,ug/ ml), nitroblue tetrazolium (250 ,.g/ml), NAD (2 mg/ ml), and the appropriate substrate (1%), i.e., glycerol, propan-1,2-diol, or trimethylene glycol. The staining was in the dark at room temperature and was stopped, after visual inspection, by washing the gel in distilled water and then soaking it in 7% (vol/vol) acetic acid.
The mobility of the stained band relative to the bromophenol blue dye is given as an RB value. RESULTS Isolation of a mutant constitutive for the dha system. A mutant of K. pneumoniae ATCC 25955 constitutive for the dha system was made by the method of Ruch and Lin (13) , screening for constitutive anaerobic glycerol utilization. After growth in arabinose medium without inducer, cells of this mutant (RF1015) gave extracts that contained much more glycerol dehydrogenase (5.35 U/mg) than a similar extract of the parent (0.40 U/mg). The extract of the parent gave, as expected, only trace amounts of coenzyme B12-dependent dehydratase, but that of the mutant contained considerable dehydratase activity (0.82 U/mg) which was wholly due to glycerol dehydratase, now produced constitutively.
This observation suggested that glycerol dehydratase is involved in the dha system, but since this strain produces both diol and glycerol dehydratases during anaerobic growth on glycerol (3) it was of interest to isolate mutants constitutive for each enzyme and also to isolate mutants constitutive for dehydratase from K. aerogenes 1033, in which the dha system was first described (12) .
Isolation of mutants constitutive for coenzyme B12-dependent dehydratase. Mutagenesis and selection as described above gave constitutive mutants at a frequency of about 2 x 10-4.
Purified clones were grown in arabinose minimal medium; then the extracted coenzyme B12-dependent dehydratase and glycerol dehydrogenase were estimated by using propan-1,2-diol as the substrate (Table 1 ).
In derivatives of both K. pneumoniae ATCC 25955 and K. aerogenes 1033, whenever glycerol dehydratase is constitutive, there is also a marked increase in the specific activity of glycerol dehydrogenase. Since the extracts were prepared from stationary-phase cultures, some variations in the relative and absolute specific activities of glycerol dehydratase and glycerol dehydrogenase are to be expected. In no strain were diol dehydratase and glycerol dehydratase jointly constitutive.
Although their phenotypes in the plate screening test were clear, all of the strains constitutive for diol dehydratase gave extracts with specific activities much lower than those (0.47 U/mg) found in cells of the parent induced with propan-1,2-diol or ethan-1,2-diol in arabinose minimal medium (3). Better expression of diol dehydratase was obtained when cells were grown in ribose minimal medium, where an extract of the propan-1,2-diol-induced parent strain had a specific activity of 0.71 U/mg and an extract of the uninduced constitutive strain RF1019 had a specific activity of 0.35 U/mg.
Trimethylene glycol dehydrogenase activity in constitutive strains. The joint constitutivity of the dha system with glycerol dehydratase in mutants of K. pneumoniae ATCC 25955 and K. aerogenes 1033 suggested that a reductase acting on the product of the dehydratase reaction might also be under linked genetic control. Abeles et al. (1) Significant trimethylene glycol dehydrogenase was found in extracts of the parent ATCC 25955 after growth in glycerol minimal medium (Table  2) ; negligible activity was present after growth on arabinose. However, extracts of cells of the mutant RF1016 that produces glycerol dehydratase constitutively contained the enzyme even after growth without glycerol. In contrast, no trimethylene glycol dehydrogenase was found in the diol dehydratase-constitutive mutant RF1019 after growth in ribose minimal medium, a condition under which good expression of diol dehydratase occurs (see above).
Qualitatively, the ability of extracts to reduce 3-hydroxypropionaldehyde with NADH was found to correlate with the trimethylene glycol dehydrogenase activity.
Analysis of dehydrogenases. Extracts from cells of K. pneumoniae ATCC 25955 grown in glycerol minimal medium and of RF1016 grown in arabinose minimal medium are able to dehydrogenate propan-1,2-diol (and glycerol) or trimethylene glycol much better than extracts of the wild-type cells grown on arabinose ( Table 2) . Electrophoresis of such extracts reveals the inducible glycerol dehydrogenase of the dha system (12) to be an enzyme of RB 0.47 (Fig. 2 , gels 2 and 4); this also accounts for the increased glycerol dehydrogenase activity found in the glycerol dehydratase-constitutive strain RF1016 grown in the absence of glycerol (Fig. 2, gels 7  and 9 ). Glycerol and propan-1,2-diol are substrates for this enzyme (Fig. 2, gels 2 RF1016. The samples (0.03 U of glycerol dehydrogenase activity) were from ATCC 25955 grown on arabinose and stained with propan-1,2-diol (gel 1) or glycerol (gel 3) or were grown on glycerol and stained with propan-1,2-diol (gel 2), glycerol (gel 4), trimethylene glycol (gel 5), or trimethylene glycol followed by propan-1,2-diol (gel 6). The remaining samples are from strain RF1016 grown on arabinose and were stained with propan-1,2-diol (gel 7), trimethylene glycol (gel 8), or trimethylene glycol followed by propan-1,2-diol (gel 9).
arabinose (Tables 1 and 2 ). Neither the faster nor the slower migrating activity uses trimethylene glycol at a significant rate (Fig. 2 , gels 5 and
The trimethylene glycol dehydrogenase activity found in extracts (Table 2 ) is due to a separate enzyme which appears at RB 0.12 ( Fig. 2 , gels 5, 6, 8, and 9) and does not use glycerol or propan-1,2-diol as a substrate.
Further tests showed that extracts from other strains constitutive for glycerol dehydratase (RF 1015, RF1022, RF1024, RF1025, and RF4002), grown under noninducing conditions, also contain the dha system glycerol dehydrogenase and the trimethylene glycol dehydrogenase. However, neither enzyme was present in extracts from strains constitutive for diol dehydratase, and propan-1,2-diol was not an inducer for either of these enzymes.
Dihydroxyacetone as an inducer of the dha system. The dha system enzymes (glycerol dehydrogenase and dihydroxyacetone kinase) are formed in K. aerogenes 1033 during anaerobic growth with dihydroxyacetone as the sole carbon source, suggesting that this compound may be the true inducer for this system (12); it should therefore also induce glycerol dehydratase and trimethylene glycol dehydrogenase.
Both the parent, ATCC 25955, and the glycerol dehydratase-constitutive strain, RF1016, were found to grow anaerobically with a mean generation time of 110 min in minimal medium containing dihydroxyacetone (5 g/liter) as the only carbon source; substituting glycerol for the ketone gave a mean generation time of 120 min for ATCC 25955.
An extract prepared from cells of ATCC 25955 growing exponentially on dihydroxyacetone was found to contain glycerol dehydrogenase (2.10 U/mg) and trimethylene glycol dehydrogenase (0.76 U/mg) in amounts similar to those after growth in glycerol medium (Table 2) . Electrophoresis confirmed qualitatively the presence of the inducible dha system glycerol dehydrogenase (RB 0.47). This extract also contained coenzyme Blz-dependent dehydratase (1.10 U/mg).
Assays of this activity with 0.12 and 12 ,uM coenzyme B12 and assay after electrophoresis showed (Fig. 3) that only glycerol dehydratase was present.
That the absence of diol dehydratase was due to the failure of dihydroxyacetone to induce this enzyme, rather than to induction followed by an inactivation caused by the ketone, was tested by growing the same strain on dihydroxyacetone but with propan-1,2-diol also present. A differential assay of the cell extract showed both glycerol dehydratase (1.21 U/mg) and diol dehydratase (0.63 U/mg) to be present, a result that was confirmed by assay after electrophoresis (Fig. 3 ).
An extract from dihydroxyacetone-grown cells of K. pneumoniae ATCC 8724 also contained the dha system glycerol dehydrogenase (1.36 U/mg) and trimethylene glycol dehydrogenase (0.41 U/mg), but no significant dehydratase activity could be detected.
Physiological dependence of glycerol fermentation on Co +. The coenzyme B12-dependent dehydratases serve to provide a hydrogen acceptor, and trimethylene glycol dehydrogenase provides the means of regenerating NAD (1) for use by glycerol dehydrogenase in the dissimilatory pathway of the dha system. The fact that In support of this it was found that the yield of K. pneumoniae ATCC 25955 in defined glycerol medium prepared with doubly distilled water was increased from 0.10 to 0.29 g of dry weight per liter by adding Co2+ (5 .g/liter); Co2+ caused also approximately 10% of the total dehydratase to be present as holoenzyme (measured without added coenzyme B12). No effect of Co2+ on growth was detected when the necessity for dehydratase holoenzyme (and trimethylene glycol dehydrogenase) was circumvented by adding fumarate as an exogenous hydrogen acceptor or when glucose was used as the carbon source. DISCUSSION Previously, the dha system was recognized to consist of the two enzymes glycerol dehydrogenase and dihydroxyacetone kinase (12, 13 dihydroxyacetone is found to induce only glycerol dehydratase. The presence of both enzymes during growth on glycerol implies that glycerol itself induces diol dehydratase; glycerol dehydratase is probably being induced by the product of the glycerol dehydrogenase reaction, dihydroxyacetone, rather than by the glycerol directly.
K. pneumoniae ATCC 8724 can form diol dehydratase but not the glycerol dehydratase (3, 18); in this strain, the induction here by dihydroxyacetone of trimethylene glycol dehydrogenase and the dha system glycerol dehydrogenase, but not of any dehydratase activity, provides further evidence that the two dehydratases are under separate control, probably reflecting different physiological roles for these enzymes. Using extracts and washed cells of this strain grown in yeast extract-tryptone mediia, Toraya et al. (17) showed that substrateinduced diol dehydratase holoenzyme can cause a dismutation of propan-1,2-diol by using ancillary constitutive enzymes that form propionate and n-propanol as end products. Although this dismutation can apparently generate ATP and does increase 2.6-fold the growth yield in complex medium (17) , neither that strain nor ATCC 25955 can use this substrate as the sole carbon source in defined medium (3). Overall the function of diol dehydratase may be to promote a cofermentation of propan-1,2-diol (or ethan-1,2-diol) with unrecognized growth substrates in complex media. An analogous situation obtains with Lactobacillus 208-A where glycerol alone does not support growth, but can promote it when cofermented with glucose via a coenzyme B12-dependent dehydratase (14, 15) . In Klebsiella sp., the induction of diol dehydratase by glycerol (alternate to propan-1,2-diol) may merely reflect a lack of specificity for the controlling inducer. This would permit the formation of additional dehydratase auxiliary to glycerol dehydratase during growth on glycerol in strains such as ATCC 25955 which make both enzymes.
